We experimentally demonstrate regenerative all-optical wavelength multicast by simultaneous multi-wavelength conversion of 10 Gb/s non-return-to-zero signals to four ITU 100 GHz spaced channels with a receiver sensitivity improvement of 1.84 dB and less than 0.14 dB difference among all the multicast channels, using a single commercial monolithically integrated SOA-MZI. The multicast device also exhibited about 22 dB optical signal-to-noise ratio enhancement for all the converted channels compared to the original signal channel without wavelength conversion. Our experiment for the first time revealed the regeneration properties of a SOA-MZI device for WDM wavelength multicast purposes, and proved the excellent performance of a simple scheme for various future network and system applications, such as all-optical wavelength routing and grid networking.
for wavelength division multiplexing (WDM) and wavelength routing applications. All-optical wavelength conversion reduces the blocking probability of the WDM network nodes, increases their transparency, and enables their dynamic wavelength assignments and allocation capability [1] . As wavelength conversion technologies are walking into a mature stage of high bit rates at 10-40 Gb/s and successful research demonstrations at 160-320 Gb/s [2] crossing the last two decades, all-optical multi-wavelength conversion (MWC) began to attract increasing interest in the last 5 years. Not only a huge amount of optic-electronic-optic (OEO) transponders and electronics can be saved for the same function, new applications are also emerging from this possibility. In particular, optical layer WDM wavelength multicast [3] [4] [5] [6] and Grid networking [7] are becoming both technically feasible and commercially applicable.
Various all-optical MWC approaches have been reported. The mostly investigated MWC methods use the following techniques: four-wave mixing (FWM) [8, 9] , cross-phase modulation (XPM) [3] [4] [5] , cross-gain modulation (XGM) [6, 7] , cross-absorption modulation (XAM) [10] , and fast nonlinear polarization switching (NPS) [11] . Among these, XPM multi-wavelength converters (MWCRs) based on a semiconductor optical amplifier (SOA)-Mach-Zehnder interferometer (MZI) excel the others by offering a great combination of advantages: satisfactory and leveled conversion efficiency across wide conversion bandwidth featured by the SOA gain spectra, simultaneous conversion of a considerable number of channels, wavelength flexibility, high operation speed, supporting both RZ and NRZ data format, power economical, commercial product availability, compactness, and integration potential. Moreover, SOA-MZIs have a broad area of applications in optical communications, which allows massive production to reduce the cost and increase the integrability. Its working principle and schematic are simple and straightforward, requiring no more complexity than any of the other methods reported. Finally, SOA-MZIs can support high data rates, such as 40 Gb/s, and potentially even higher bit rates in a push-pull configuration with fast SOAs.
In many occasions, SOA-MZIs have also demonstrated considerable signal regenerative effect [12] , but so far this has never been reported when performing MWC. In this article, we demonstrate for the first time, to our knowledge, the regenerative simultaneous one-to-four MWC of 10 Gb/s NRZ signals by a commercial SOA-MZI with negative power penalty of 1.84 dB and channel divergence of 0.14 dB at biterror rate (BER) of 10 −9 . All converted channels achieved optical signal-to-noise ratio (OSNR) enhancement of around 22 dB and satisfactory MWC efficiency of around −3.11 dB. Compared to the previously reported experiments [3, 4] , our results proved that SOA-MZIs can provide excellent performance for wavelength multicast applications, without the use of additional high-power assist light, as reported in [3] or push-pull configuration in [4] for simple 10 Gb/s operation, and considerable signal regeneration can be obtained simultaneously, which are very essential and desirable features for future WDM network nodes in either opaque or all-optical infrastructure. Figure 1 shows the experimental setup built with commercially available components, where all-optical wavelength multicast via a SOA-MZI was achieved by launching a data signal and several continuous waves (CWs) on the desired wavelength channels to the interferometric ports of the device. The monolithically integrated SOA-MZI wavelength converter was manufactured by Heinrich Hertz Institut (HHI) for 10 Gb/s operation. ITU 100 GHz grid wavelengths were deployed. A 10 Gb/s NRZ data signal was generated by externally modulating a tunable CW laser source tuned to 1541.35 nm, with pseudorandom bit sequence of pattern length 2 31 -1. Four CWs from 1544.53 to 1546.92 nm were combined by a four-to-one coupler and launched in the copropagating direction with the data signal. The average input power to P1 was kept at around −1.13 dBm and the total input power to P2 was around 0 dBm with each individual CW channel alone adjusted to about −6 dBm at the output of the coupler. Simultaneously wavelength converted channels could be obtained from both arms P4 and P5, but only signals at P4 were selected for the BER test. The temperature of the SOA-MZI was kept at 20 • C while SOA1 and SOA2 were biased at 242.96 mA and 310.95 mA. All the BER measurements, including the back-to-back one, were performed keeping constant power of 0 dBm to the photo diode, with the same default eye detection threshold level.
Experimental setup and operation principle
The SOA-MZI was operated in the standard configuration where the data signal was sent to only one of the two arms P1 to induce a phase shift on the CWs injected into P2 via XPM. The MZI translated the phase modulation into an amplitude modulation. As the phase change was only weakly dependent on the wavelength, single data streams could be simultaneously transferred onto multiple wavelength channels. Figure 2 presents the spectrum at the MWCR output P4. Data were converted onto all the four channels. The output OSNR for the converted channels was within the range of 38-43 dB. The SOA-MZI wavelength converter showed good conversion efficiency, because of the gain provided by the SOAs and the fact that the SOA-MZI converts phase modulation into amplitude modulation. The spectrum revealed a 4 dB average peak power ratio of the individual converted channels to the signal channel after the SOA-MZI MWC. If we define the conversion efficiency for a multi-wavelength converter as the average peak power ratio of the converted channels to the back-to-back signal channel bypassing the wavelength converter, the SOA-MZI exhibited a conversion efficiency of −3.11 dB for the four simultaneously converted channels.
Results and discussions
From Fig. 2 , several FWM contributions due to the SOA nonlinear effect can be seen aside the input channels. The out-of-band FWM satellite signals were about at least 20 dB weaker than the desired wavelength channels. Therefore, it was expected that the in-band FWM products would be stronger. However, these FWM contributions did not degrade the BER performance of any of the simultaneously converted data signals, as shown in the following Fig. 3 . Nor is the effect of FWM noticeable in the converted eye diagrams, which are presented in Fig. 4 . At the SOA-MZI output port P4, a BPF of 0.3 nm narrow bandwidth was used for the channel selection. At the receiver, after the preamplifier EDFA and the second BPF employed to remove the out-of-band ASE, the OSNRs of the four converted channels were around 41-45 dB, with on average 22 dB enhancement over the back-to-back signal OSNR without wavelength conversion. The peak power ratio of the neighboring channels that were not completely suppressed by the filters to the channel under investigation was about −33 dB. By improving the OSNR of the original signals, the SOA-MZI MWCR demonstrated its signal regeneration capability. This feature is particularly desirable for WDM network nodes as in practice, optical cross connects inside a network often do not receive clean input signals directly from the source, but degraded optical data channels, due to the transmission loss and dispersion they have experienced crossing long distances. Optical signal regeneration capabilities are thus essential for the intermediate WDM nodes to improve the quality of the incoming data so that they can reach their final destination and be correctly detected.
In Fig. 3 , BER measurements of all the four converted channels are plotted, with respect to the back-to-back channel. The eye diagrams of the back-to-back and one of the converted signals are shown as insets. The BER values indicated that the input data signal was converted to all the four channels with a receiver sensitivity improvement of 1.84 dB or more, while the sensitivity divergence among the four converted channels was measured to be no more than 0.14 dB. The observed negative power penalty confirmed that the SOA-MZI increased the original signal quality by deeply modulating the signal phase and then translating the phase modulation into an amplitude modulation, which significantly cut down the noise level and possibly improved the rising and fall time of the signal eyes. This regeneration was probably also related to the fact that the four CW channels were copropagating with the data signal at the same time inside the SOA-MZI acting as internal assist lights for the channel under investigation. The BER results confirmed once again the signal regeneration properties of the simultaneous WDM wavelength multicast operation.
Finally, Fig. 4 demonstrates the output eye signal-to-noise ratios (S/N) and extinction ratios (ER) of the four simultaneously converted channels including their eye diagram snapshots, measured by an oscilloscope with 40-GHz bandwidth limit. All the channels showed clear and widely open eyes with an average eye S/N of 8.36 and average ER of 10.63 dB. The converted eye diagrams indicated a slightly lowered eye crossing point, which did not seem to have any negative influence on the system performance according to the BER results obtained. The clean multicast channels depicted by the eye snapshots further proved the excellent performance of the MWCR for applications in WDM wavelength-routed networks.
we experimentally demonstrated that all-optical MWC based on a single commercial SOA-MZI can provide simultaneous regenerative conversion at 10 Gb/s, which to our knowledge has never been reported before. Previous demonstrations using SOA-MZIs for multicast at 10 Gb/s have employed either an additional high optical power assist light [3] or a push-pull configuration that requires delicate fine tuning at the MZI input [4] . No noticeable signal regeneration has been observed in their results. While in our experiment, by deploying the simplest MWC scheme, we achieved 4×10 Gb/s NRZ conversion of 100 GHz spaced channels all with negative power penalty between 1.84-1.98 dB at BER of 10 −9 and improved OSNR of around 22 dB. The SOA-MZI wavelength converter also exhibited a satisfactory conversion efficiency of about −3.11 dB for all the four channels. Our results confirmed the great potential of a SOA-MZI for next generation WDM network nodes with all-optical infrastructure, where optical layer wavelength multicast is a most desirable feature for the increasing volume of multimedia on-demand data services. Moreover, the signal regeneration properties of the SOA-MZI device we demonstrated are also essential for any intermediate optical cross connects that implement all-optical multicast technologies to be able to better the degraded incoming signal quality to allow for further long-distance propagation in the optical layer without the necessity of OEO conversion and electronic regeneration.
The number of MWC copies we demonstrated was restricted by our available laser sources. In our experiment, FWM byproducts observed from the output spectrum did not seem to be a limiting factor for the number of simultaneously converted channels, nor for the deployed channel spacing. Considering this promising performance, we expect that our apparatus can accommodate a much higher number of channels by adding additional CW probes, providing that they are located inside the SOA gain bandwidth. SOA-MZI MWC can also be applied for RZ signals [3, 4] . Employing an MZI consisting of faster SOAs or deploying a push-pull scheme, the device can also be used for MWC at higher bit rate of 40 Gb/s or more. Based on our results, we believe that this method can be suitable for various applications in next generation transparent all-optical WDM routing and networking. 
